At the mammalian skeletal neuromuscular junction, cycling of nicotinic ACh receptors (nAChRs) is critical for the maintenance of a high postsynaptic receptor density. However, the mechanisms that regulate nAChRs recycling in living animals remain unknown. Using in vivo time-lapse imaging, fluorescence recovery after photobleaching, and biochemical pull down assays, we demonstrated that recycling of internalized nAChRs into fully functional and denervated synapses was promoted by both direct muscle stimulation and pharmacologically induced intracellular calcium elevations. Most of internalized nAChRs are recycled directly into synaptic sites. Chelating of intracellular calcium below resting level drastically decreased cycling of nAChRs. Furthermore we found that calcium-dependent AChR recycling is mediated by Ca 2ϩ /calmodulin-dependent kinase II (CaMKII). Inhibition of CaMKII selectively blocked recycling and caused intracellular accumulation of internalized nAChRs, whereas internalization of surface receptors remained unaffected. Electroporation of CaMKII-GFP isoforms into the sternomastoid muscle showed that muscle-specific CaMKII␤m isoform is highly expressed at the neuromuscular junction (NMJ) and precisely colocalized with nAChRs at crests of synaptic folds while the CaMKII␥ and ␦ isoforms are poorly expressed in synaptic sites. These results indicate that Ca 2ϩ along with CaMKII activity are critical for receptor recycling and may provide a mechanism by which the postsynaptic AChR density is maintained at the NMJ in vivo.
Introduction
Efficient synaptic transmission requires maintenance of a high postsynaptic receptor density directly apposed to the nerve terminal. In the CNS, changes in postsynaptic receptor number and/or density are associated with synaptic plasticity (Shepherd and Huganir, 2007; Petrini et al., 2009) . Endocytic recycling plays a critical role in such changes by affecting receptors and other accessory proteins that enhance synaptic transmission and modulate structural alterations of synapses (Ehlers, 2000; Malinow and Malenka, 2002; Bredt and Nicoll, 2003; Park et al., 2004; Kennedy and Ehlers, 2006; Lu et al., 2007) . In the last decade, insights into how receptors undergo endocytosis and recycling have emerged and several Ca 2ϩ sensor molecules have been shown to play a role in these events. For example, Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII) and Myosin Vb have been shown to be required for the mobilization, fusion and exocytosis of recycling endosomes during LTP (Ehlers and Augustine, 1999; Ehlers, 2000; Hayashi et al., 2000; Wang et al., 2008) . Ca 2ϩ influx into postsynaptic excitatory synapses has also been shown to play a key role in synaptic strength.
At the mature neuromuscular junction (NMJ), a synapse that forms between motor neurons and skeletal muscle fibers, recycled nicotinic ACh receptors (nAChRs) contribute to the steadystate postsynaptic receptor density in an activity-dependent manner (Bruneau et al., 2005 (Bruneau et al., , 2009 Bruneau and Akaaboune, 2006; Wu et al., 2010) . However, the mechanisms that regulate the trafficking and recycling of internalized vesicles containingAChRs are not known. In an effort to identify factors involved in the cycling of internalized nAChRs, we began the present study by investigating the effect of intracellular calcium on AChR delivery and then we asked whether CaMKII, a serine/threonine protein kinase family member that is activated by calcium and calmodulin is the sensing protein involved in receptor recycling at the NMJ in living mice. CaMKII is best studied in the brain and has been reported to have a key role in regulating synaptic plasticity in brain (Pratt et al., 2003) . Mammalian skeletal muscle expresses several isoforms of CaMKII ␥, ␦ and a splice variant of the ␤ isoform (␤M), and a nonfunctional kinase variant of the ␣ isoform, anchoring kinase protein (␣kap) (Schworer et al., 1993; Bayer et al., 1998) .
In the present study we investigated a possible mechanism that regulates the trafficking and recycling of internalized AChR at the NMJ in living mice. We demonstrate that receptor recycling is dependent upon intracellular calcium concentration. By increasing or decreasing intracellular calcium concentration, the muscle cell is able to up or downregulate the cycling of AChR into the postsynaptic membrane. This process is mediated by CaMKII activity as blockade of the enzyme dramatically inhibits receptor recycling. These results establish a role for calcium and calcium activated kinase, CaMKII in the recycling of receptors at the NMJ in vivo.
Materials and Methods
Labeling of nAChR pools and neuromuscular junction live imaging. In this study we used Non-Swiss Albino adult female mice (6 -10 weeks old, 25-30 g) that were purchased from Harlan. All animal usage followed methods approved by the University of Michigan Committee on the Use and Care of Animals. Mice were anesthetized with an intraperitoneal injection of a mixture of ketamine and xylazine (18.38 mg/ml) and the sternomastoid muscle was exposed as described in detail previously (Lichtman et al., 1987; Balice-Gordon and Lichtman, 1994; Turney et al., 1996; Bruneau and Akaaboune, 2006) . Briefly, the sternomastoid muscle was bathed with bungarotoxin (BTX)-biotin (5 g/ml, 1 h; Invitrogen) to label nAChRs, and then with streptavidin conjugated to Alexa 488 (strept-488; green; 10 g/ml, 3 h; Invitrogen) to saturate all biotin sites as previously described (Bruneau et al., 2005; Bruneau and Akaaboune, 2006) . The anesthetized mouse was placed on its back on the stage of a customized epifluorescence microscope, and superficial neuromuscular junctions were viewed under a coverslip with a water-immersion objective (x20 UApo 0.8 NA Olympus BW51; Optical Analysis Corp.) and a digital CCD camera (Retiga EXi, Qimaging) and imaged (IPLAB software, Scanalytics). At the end of an imaging session, the incision was closed and the mouse was allowed to recover until reanesthetized and prepared for a second imaging session.
We used a method of labeling to selectively label recycled receptors that has been previously described in detail (Bruneau et al., 2005) . In that study, extensive controls were conducted which demonstrated that (1) ␣-bungarotoxin (BTX) remains bound to AChR intracellularly, (2) within internal vesicles (likely endosomes), Alexa-labeled streptavidin dissociates rapidly (within hours) from BTX-biotin, and (3) on the extracellular surface the rate of dissociation of Alexa-labeled streptavidin from biotin was too slow to be detected even after several days. Thus we can assess recycling by adding fresh Alexa streptavidin hours or days after an initial saturating dose. Briefly, the sternomastoid muscle was bathed with BTX-biotin (5 g/ml, 1 h; Invitrogen) to label nAChRs, and then with streptavidin conjugated to an Alexa dye (strept-488; green; 10 g/ ml, 3 h; Invitrogen). To verify that all biotin sites were saturated, a second color of streptavidin-Alexa (typically Alexa-594; red, 10 g/ml, 10 -30 min) was then added to the sternomastoid muscle. Experiments only continued if there was no red labeling at the NMJ indicating that all biotin sites were indeed saturated.
Muscle stimulation. The sternomastoid muscle was exposed and then directly stimulated for ϳ7 h with a Grass SD5 stimulator connected to two platinum wires placed either side of the muscle as described by Akaaboune et al. (1999) . The stimulus pulses (3 ms bipolar pulses of 6 -9 V at 10 Hz for 1 s duration every 2 s) elicited maximal twitching and therefore action potentials in all muscle fibers. To minimize dehydration, a coverslip was placed over the exposed muscle.
Immunofluorescence. The sternomastoid muscle was fixed with 2% paraformaldehyde and then permeabilized for 20 min with 1% Triton X-100 and 10% bovine serum albumin in phosphate buffered solution. Muscle fibers were then incubated with goat polyclonal anti-CaMKII␤ (C-20), goat polyclonal anti-CaMKII␥ (C-18), or goat polyclonal antiCaMKII␦ (A-17) (Santa Cruz Biotechnology), overnight at 4°C overnight or 2 h at room temperature. All these antibodies partially cross react with each (according to data sheet of the manufacturer). After extensive washing with PBS, muscle fibers were incubated with anti-goat-Alexa 488 secondary antibodies (Invitrogen), as well as BTX-Alexa 594 (Invitrogen) . Muscles were scanned with a confocal microscope (Leica) and imaged. The z-stacks were then collapsed and the contrast of images was adjusted with Adobe Photoshop.
Pharmacological treatment. To chelate cytosolic calcium, we used BAPTA-AM (500 M) (Invitrogen), a membrane-permeant substance that generates the high affinity calcium chelator BAPTA by the hydrolysis of ester bonds (Tsien, 1981; Martinez-Pena y Valenzuela et al., 2005) . To inhibit CaMKII activity we used KN93 (10 M; Sigma) and KN62 (10 M; Sigma), and we used its inactive analog, KN92, as a control (10 M; Sigma) (Tokumitsu et al., 1990; Hudmon and Schulman, 2002) . To inhibit intracellular calcium (sarcoendoplasmic reticulum Ca 2ϩ -ATPase) pumps, we used thapsigargin (1 M) (Sagara and Inesi, 1991) .
Muscle denervation. The sternomastoid muscles were denervated by excising a 5 mm piece of the sternomastoid nerve to prevent reinnervation. Mice denervated 6 -8 d earlier were anesthetized and the sternomastoid muscle was exposed and labeled first with BTX-biotin followed by a saturating dose of streptavidin (strept-488). Three days later, the animal was reanesthetized and the sternomastoid muscle was bathed with strept-594 (to label recycled nAChRs) and superficial synapses were imaged. The sternomastoid muscle was then either stimulated without drugs, or stimulated in the presence of BAPTA-AM, KN93, or KN62 for ϳ7 h. At the end of the experiment, the sternomastoid muscle was bathed with fresh strept-594 (10 g/ml, 1 h) to label all receptors that had recycled over the time period of the experiment.
Quantitative fluorescence imaging. The fluorescence intensity of labeled receptors at NMJs was assayed using a quantitative fluorescence imaging technique, as described by Turney et al. (1996) , with minor modifications. This technique incorporates compensation for image variation that may be caused by spatial and temporal changes in the light source and camera between imaging sessions, by calibrating the images with a nonfading reference standard. A key feature of the quantitative imaging approach used in the current study is that it involves repetitive imaging of the same fluorescent ligands. Thus, as long as we verified that the image pixel intensity was not saturated, it was possible to get an accurate quantitative measurement of the relative number of nAChRs. Image analysis was performed by using either a procedure written for IPLAB (Scanalytics) or Matlab (The Mathworks). Background fluorescence was approximated by selecting a boundary region around the junction and subtracting it from the original image, and the mean of the total fluorescence intensity (which corresponds to density) was measured (Turney et al., 1996; Martinez-Pena y Valenzuela et al., 2005) .
Fluorescent recovery after photobleaching. To determine whether newly recycled nAChRs are inserted directly into synaptic sites, the sternomastoid muscle was labeled with BTX-biotin/strept-488 and 5 d later, recycled receptors were labeled with strept-594 and superficial synapses were imaged. Fluorescence from labeled recycled nAChRs was removed by illuminating NMJs with an argon laser passed through a neutral density filter. [We have previously shown that the bleaching of synapses with laser does not damage or change the physiology or the metabolism of AChRs at the postsynaptic membrane (Akaaboune et al., 2002) .] The recovery of fluorescence was assayed at stimulated and unstimulated muscles, and the amount of fluorescence recovered at bleached synapses was measured. At the end of the experiment, a second dose of the same fluorescent streptavidin was added to label newly recycled nAChRs.
Electroporation of CaMKII-GFPs into the sternomastoid muscle and confocal microscopy. Adult female mice (20 -28 g; Non-Swiss Albino, Harlan) were anesthetized with an intraperitoneal injection of ketamine and xylazine. The sternomastoid muscle was surgically exposed and 10 g of plasmid driving exogenous expression of a test protein fused to GFP was added (All constructs were driven by a CMV promoter). The proteins tested were muscle-specific CaMKII␤m-GFP (a generous gift from Dr. Ulrich Bayer, University of Colorado, Denver, CO), CaMKII␤ generous gift from Dr. Tobias Meyer, Stanford University, Stanford, CA), ␣ syntrophin (a generous gift from Dr. Marvin Adams, University of Washington, Seattle, WA), CaMKII␥ a generous gift from Dr. Paul Nghiem, University of Washington, Seattle, WA). CaMKII␦ was purchased from OriGene Technologies. CaMKII␥-GFP was generated using primers, 5ЈGGAATTCTGATGGCCACCACCGCCACCTGC (forward) and 5Ј GG-GGTACCTCACTGCAGCGGTGCGGCAGG (reverse). CaMKII␦-GFP was generated using primers, 5Ј GGAATTCTGATGGCTTCGACCAC-CACCTGCACC (forward) and 5Ј GGGGTACCTCAGATGTTTTG-CCACAAAGAGG (reverse). GFP-␣ syntrophin was generated using 5Ј CGCTCGAGCTATGGCGTCAGGCAGGCGC (forward) and 5Ј GC-TCTAGACTAGGCCAAGAGCCCCAAGC (reverse). The plasmid solution was layered over the muscle surface as described by Bruneau et al. (2009) . Gold electrodes were placed parallel to the muscle fibers on either side of the muscle, and eight monopolar square-wave pulses were applied perpendicular to the long axis of the muscle. Following electroporation the mouse was sutured and allowed to recover in a heated recovery chamber. One week later, the animal was reanesthetized and BTX-Alexa 594 was added to the sternomastoid muscle to label nAChRs (1 h) and the animal was perfused transcardially with 2% paraformaldehyde (PFA). The sternomastoid muscle was removed, mounted and scanned with a confocal microscope (Olympus fluoview) and imaged. The z-stacks were then collapsed and the contrast adjusted with Photoshop.
Cell fractionation and biochemical pull down assay. Non-Swiss Albino adult female mice (6 -10 weeks old, 25-30 g) were used in this study. In all experiments, the sternomastoid muscle was labeled with BTX-biotin followed by a saturating dose of either a fluorescent or unlabeled streptavidin. Five days after the initial labeling, the sternomastoid muscle was exposed and subjected to different treatments (see above). At the end of each experiment, the sternomastoid muscle was removed and plasma and internal membranes were separated by minor modifications of the procedures described by Dombrowski et al. (1996) . Sternomastoid muscles were removed, minced, and homogenized on ice a buffer containing 10 mM NaHCO 3 , pH 8.4, 250 mM sucrose, 5 mM NaN 3 , 1 mM EDTA, 10 mM KCl, 100 M PMSF and protease inhibitor cocktail (Sigma P8340). Homogenates were centrifuged at 1300 ϫ g for 10 min, giving a supernatant (S1) and a pellet (P1). P1 was homogenized and centrifuged at 1300 ϫ g for 10 min, giving a supernatant (S2) and a pellet (P2). S2 was then combined with S1. P2 was resuspended in 0.5 M LiBr and 50 mM Tris at a concentration of 40 mg/ml and stirred using a magnetic bar on a stirring plate at 4°C for 6 h and was centrifuged at 10,000 ϫ g for 30 min, giving a supernatant (S3) and a pellet (P3). S3 was further centrifuged at 53,000 ϫ g for 1 h, giving a supernatant (S4) and a pellet (P4). S4 was centrifuged at 190,000 ϫ g for 1 h, giving a supernatant S5 and a pellet P5. P5 was saved and used as the internal membrane fraction (IM). S1ϩS2 were centrifuged at 9000 ϫ g for 10 min, giving a supernatant (S6) and a pellet (P6). P6 was discarded and S6 was spun at 190,000 ϫ g for 90 min, giving a supernatant S7 and a pellet P7. P7 was combined with P4 and saved as the plasma membrane fraction. The plasma and internal membrane fractions were then lysed in RIPA buffer (50 mM Tris, pH 8.4, 150 mM NaCl, 1% NP40 and 0.5% sodium deoxycholate) for 30 min on ice with vigorous shaking and centrifuged at 10,000 rpm for 10 min. The same amounts of proteins (500 g/ ml) of the two fractions were incubated overnight at 4°C with RIPA-prewashed Neutravidin beads (Pierce). The Neutravidin beads were collected by brief centrifugation and washed three times with mRIPA buffer without sodium deoxycholate. The beads were resuspended in 30 l of 2ϫ LDS buffer (Invitrogen) and heated at 85°C for 10 min and released proteins were separated by SDS-NuPage gel electrophoresis on 4 -12% (Invitrogen) and transferred onto PVDF membrane. The membranes were bathed in blocking solution for 1 h, incubated in rat AChR-␣-subunit (MAB210, MMS-609R; Covance); or mouse AChR ␣-subunit (clone 26, BD Biosciences), antibody diluted at 1:5000 and 1:1000 respectively in PBST at 4°C overnight. The membranes were then incubated for 1 h in HRP-conjugated goat anti-rat or donkey anti-mouse secondary antibody at 1:20,000 (Jackson ImmunoResearch). After extensive washing, the membranes were incubated with SuperSignal West Femto Maximum Sensitivity Substrate (Pierce).
In another series of experiments, we arranged conditions so that only the internal receptors would be detected. Just before removing the muscle, it was bathed with unlabeled streptavidin to saturate all recycled nAChRs containing BTX-biotin that were on the cell surface. In this case only internalized nAChRs containing BTX-biotin should be pulled down using Neutravidin beads.
Results

Direct muscle stimulation or pharmacologically induced elevation of intracellular calcium concentration promotes the recycling of internalized AChR in vivo
In an effort to identify signaling molecules involved in the cycling of internalized nAChRs at the NMJ, we asked whether muscle electrical activity would promote the reinsertion of internalized nAChRs into synaptic sites. To test this idea, nAChRs in the sternomastoid muscle were sequentially labeled with BTX-biotin and then a single saturating dose of (green) strept-488 as described by The sternomastoid muscle was labeled with BTX-biotin followed by a saturating dose of strept-488. Five days later, the animal was anesthetized and the sternomastoid muscle bathed with a saturating dose of strept-594 to specifically label the recycled receptors that had been inserted after the initial labeling. Labeled recycled receptors (Alexa 594) at superficial synapses were then imaged immediately (time 0) and the sternomastoid muscle was then stimulated, bathed with BAPTA-AM, or stimulated in the presence of BAPTA-AM for ϳ7 h. At the end of the experiment a second saturating dose of strept-594 was added to the muscle to determine the amount of newly recycled nAChRs that have been reinserted during the time of the experiment and the same synapses were reimaged. A, Experimental protocol used in this study. B, Example of mouse neuromuscular junctions (labeled recycled receptors) of unstimulated, stimulated, and stimulated with BAPTA-AM that were imaged at time 0 and 8 h later. The total fluorescence intensity of labeled recycled AChRs (a measure of the total number of recycled AChRs) was expressed as 100% at the time 0. The fluorescence intensity at subsequent view was compared with the total fluorescence intensity of the junction at time 0. Pseudocolor images provided a linear representation of the density of recycled AChRs (white-yellow, high density; red-black, low density). C, Graph summarizing the recycled AChR insertion percentage obtained by the approach shown in B. Note that the number/density of recycled nAChRs at postsynaptic sites remains nearly constant over the 8 h in unstimulated innervated synapse (Bruneau et al., 2006) and that muscle stimulation increased significantly the reinsertion of internalized recycled receptors into the postsynaptic membrane of the NMJ whereas chelating intracellular calcium drastically decreased receptor recycling in both stimulated and unstimulated muscles. Each data point represents the mean percentage of fluorescence intensity (ϮSE) at each view. Unstim, Unstimulated; Stim, stimulated. Bruneau et al. (2005) . Five days after the initial labeling (to allow for accumulation of a sizable amount of receptors that had been recycled), the sternomastoid muscle was bathed with strept-594 (red) to specifically label receptors that had lost their initial strept-488 tag while retaining BTX-biotin during the process of internalization and reinsertion, and superficial synapses were imaged immediately (time 0). The sternomastoid muscle was then directly stimulated by placing electrodes at either end of the muscle. A second dose of strept-594 (red) was then added to the sternomastoid muscle to label receptors that had recycled during the stimulation of the muscle, and the synapses were reimaged and their fluorescence intensities were quantified. In stimulated muscle, we found that the fluorescence intensity of recycled receptors at synaptic sites increased to 131 Ϯ 7% (SD; n ϭ 39) of their original fluorescence at time 0 (normalized at 100%) (Fig.  1 B) . In unstimulated muscles, however, the fluorescence intensity of recycled nAChRs remained unchanged [99 Ϯ 8% (SD), n ϭ 68; p Ͻ 0.0001], indicating that any loss of recycled receptors was compensated by an equivalent addition of newly recycled nAChRs ( Fig. 1 B) , consistent with a previous report (Bruneau and Akaaboune, 2006) . These results indicate that direct muscle stimulation promotes delivery of nAChRs from an internal pool onto the postsynaptic membrane, thus increasing the postsynaptic receptor density. In contrast, the number of newly synthesized receptors inserted at NMJs of stimulated muscle was not significantly different from unstimulated muscle (data not shown); indicating that muscle stimulation specifically promotes recycling of internalized nAChRs pool into synaptic sites (see Discussion).
Because increase of electrical activity of the muscle triggers a significant elevation of intracellular Ca 2ϩ (Chin and Allen, 1996; Posterino et al., 2000) , we next asked whether the increase in AChR recycling is mediated by intracellular calcium. To test this, the sternomastoid muscle was labeled as usual and recycled nAChRs at superficial synapses were immediately imaged (time 0). The sternomastoid muscle was then bathed for ϳ7 h with calcium-binding BAPTA-AM ester (to buffer intracellular calcium without depleting calcium outside the cells) (Tsien, 1981; Lee et al., 2009) . At the end of the experiment a second dose of strep-Alexa 594 was added to label recycled nAChRs that had been inserted during the time period of the experiment and their fluorescence intensity was assayed. Following this treatment, we found that the fluorescence intensity of recycled receptors decreased to 80 Ϯ 5% (SD; n ϭ 38, p Ͻ 0.0001) of their original fluorescence at time 0 (normalized at 100%), and a similar result was obtained when the sternomastoid muscle was stimulated in the presence of BAPTA-AM (Fig. 1 B, C) . These results indicate that a change in intracellular calcium is required for the recycling of internalized nAChRs into the postsynaptic membrane.
In a second set of experiments, we monitored receptor recycling in the presence of thapsigargin (to raise cytosolic calcium concentration by blocking the ability of the cell to pump calcium into intracellular calcium stores) for the duration of the experiment (8 h) after which a second dose of red streptavidin was added to label nAChRs that had been inserted during the treatment. We found that fluorescence intensity increased to reach 126 Ϯ 10% (SD; n ϭ 35) of their original fluorescence at time 0 (normalized at 100%). Thus, blocking calcium uptake into intracellular stores mimics the effect of muscle stimulation on AChR recycling.
Most of recycled nAChRs are inserted into synaptic sites
To determine whether recycled receptors are inserted directly into the synaptic zone or into the nonsynaptic zone and subsequently move into the synaptic zone, we performed fluorescence recovery after photobleaching (FRAP) on the sternomastoid muscle of mice, in which recycled receptors-containing BTXbiotin were labeled with strept-594 (red). Superficial junctions were imaged and carefully traced with a low light intensity of an argon laser that was sufficient to cause bleaching of the fluorophore but not photo-unbinding of fluorescent streptavidin from biotin sites (Akaaboune et al., 2002) . The muscle was then either directly stimulated or remained unstimulated for the duration of the experiment. If recycled nAChRs are inserted into the nonsynaptic zone, fluorescence recovery should be greater in stimulated compared with unstimulated muscles. We found that the recovery of fluorescence at the bleached junctions in stimulated muscle was very small (in some cases no recovery was seen), 1.5 Ϯ 1% (SD; n ϭ 13), and not significantly different from unstimulated muscles [1.6 Ϯ 1% (SD), n ϭ 10; p ϭ 0.45]. A second dose of the same fluorescent streptavidin was then added at the end of the frame of the experiment. Under these conditions, we found that Figure 2 . Most of recycled receptors are inserted directly into the postsynaptic sites. The sternomastoid muscle was labeled with BTX-biotin followed by a saturating dose of streptavidin and 5 d later, the animal was anesthetized and the sternomastoid muscle bathed with a saturating dose of strept-594 to specifically label recycled receptors (Bruneau et al., 2005) . The fluorescence from individual junctions (labeled recycled receptors) was then removed with a low light intensity of an argon laser (sufficient to cause bleaching but not photo-unbinding) (Akaaboune et al., 2002) , and the recovery of fluorescence intensity was monitored over 5 h. At the end of the experiment a second saturating dose of strept-594 was added to label recycled receptors that have been reinserted of the 5 h of the experiment. A, Examples of unstimulated and stimulated NMJs that were imaged at time 0 and immediately bleached and reimaged at 5 and 6 h (after adding a second dose of strept-594 to label recycled nAChRs that were inserted during the experiment). Pseudocolor images provided a linear representation of the density of recycled AChRs. B, Graph summarizes fluorescence recovery of labeled recycled nAChRs at bleached synapses and newly inserted recycled receptors at stimulated and unstimulated muscles. Each data point represents the mean percentage of the original fluorescence intensity before laser illumination (ϮSD).
in stimulated muscle the fluorescence intensity significantly increased [23 Ϯ 5% (SD), n ϭ 13] compared with unstimulated muscles [12 Ϯ 2.3% (SD), n ϭ 9; p Ͻ 0.0001] (Fig. 2 A, B) . These results suggest that the majority of recycled receptors do not move from the non-synaptic zone but are inserted directly at synaptic sites.
Translocation of recycled receptors from the internal pool into the surface of the muscle cell Next we used cell fractionation as a second method to study changes in intracellular and plasma membrane nAChRs. As a test of the specificity of our separation protocol, we first assessed the distribution of two antigenic markers, Na ϩ /K ϩ -ATPase and EEA1, which have been shown to be predominantly localized to the plasma and internal endosomal vesicle membranes respectively (Takeyasu et al., 1988; Williams et al., 2001; Laifenfeld et al., 2007) . The Na ϩ /K ϩ -ATPase marker is highly enriched in the plasma membrane fractions whereas EEA1 is highly enriched in internal endosomal membrane fractions, indicating that there is little, if any contamination between those fractions (Fig. 3A) .
To assess AChR translocation from internal to surface domains, the sternomastoid muscle was labeled with BTX-biotin followed by a saturating dose of fluorescent or unlabeled streptavidin and 5 d later the sternomastoid muscle was removed and the plasma membrane fractions (containing the recycled AChR pool) was separated from internal fractions (containing the internalized AChR pool). BTX-biotin-labeled nAChRs were then pulled down with Neutravidincoated beads, and probed by Western blot with anti-AChR ␣ subunit antibody. As shown in Figure 3B , there were intact ␣ subunits in both the cell surface fraction and internal fraction. Next we examined the effect of directly elicited muscle twitching on translocation of internalized nAChRs onto the postsynaptic membrane. To do this, the labeled sternomastoid of a live animal was directly stimulated for ϳ7 h. At the end of the experiment, the muscle was removed and the plasma and internal membranes were separated, and BTX-biotinlabeled nAChRs were then pulled down with Neutravidin-coated beads. As shown in Figure 3C , there is a significant increase in recycled receptors in the plasma membrane fraction, whereas internalized nAChRs were significantly decreased in stimulated muscle by comparison with unstimulated muscle. This result indicates that muscle stimulation induces translocation of internalized nAChRs from the internal pool to the cell surface. Conversely, when muscles were treated with calcium chelator BAPTA-AM, there was significant accumulation of nAChRs in the internal pool, indicating that translocation of nAChRs onto the cell surface is nearly abolished (Fig. 3C) .
To further confirm these results, in a second set of experiments nAChRs of the sternomastoid muscle were labeled as usual and 5 d later, the muscle was exposed and directly stimulated for ϳ7 h in presence or absence of BAPTA-AM. At the end of the experiment, the sternomastoid muscle was bathed with unlabeled streptavidin to saturate all recycled receptors tagged with BTX-biotin in the postsynaptic membrane. In this way only internalized receptors containing BTX-biotin were pulled down and immunoblotted with receptor antibody. In the stimulated muscle, few internalized receptors were accumulated in the internal pool compared with unstimulated muscles, indicating that muscle activity promoted translocation of receptors from the internal pool to the muscle cell surface. In contrast, when muscle cells were stimulated in the presence of calcium chelator BAPTA-AM, there was more intracellular accumulation of internalized nAChRs (Fig. 3D ).
Expression and localization of Ca
2؉ /CaM-dependent kinases at the NMJ Having found that receptor cycling is dependent upon intracellular calcium concentration, we next asked whether CaMKII, a calcium-sensitive kinase, is involved in this process. We first wanted to know which CaMKII isoforms are expressed in sternomastoid muscle cells. To do this, muscle homogenates from the sternomastoid muscle were immunoblotted with an antibody recognizing all CaMKII isoforms (M176, Santa Cruz Biotechnology). Consistent with published results obtained from other muscle types, we observed four major bands. Based on their mo- Figure 3 . Translocation of internalized nAChRs from the internal pool to the surface muscle cell depends on the rise of intracellular calcium elevation. A, The sternomastoid muscle was labeled with BTX-biotin followed by a saturating dose of streptavidin and 5 d after the initial labeling, the sternomastoid muscle was removed and plasma and internal membranes were separated (see Materials and Methods). To show the specificity of the membrane fractionation procedure, plasma and internal membranes were subjected to immunoblotting using antibodies against markers of plasma (Na ϩ /K ϩ -ATPase) and endosomal internal membranes (EEA1), respectively. As shown in the representative blots, Na ϩ /K ϩ -ATPase is mainly detected in the plasma membrane while EEA1 is specifically detected in internal membrane. Analyses were performed on samples from two different innervated muscles [Inner m1 (innervated muscle1); Inner m2 (innervated muscle 2)]. B, To show biochemically that receptor recycled back into the cell membrane, the sternomastoid muscle was labeled with BTX-biotin followed by a single saturating dose of streptavidin and muscle cells were removed 5 d after the initial labeling. The AChR-BTX-biotin complexes were pulled down using beads coated with streptavidin and plasma and internal membrane fractions (separated as in A) were probed with anti-AChR ␣ subunit antibody. C, The sternomastoid muscle was labeled as described above and 5 d after the initial labeling, the sternomastoid muscle was exposed and either stimulated or bathed with a calcium chelator BAPTA-AM for ϳ7 h. At the end of each experiment, the sternomastoid muscle was removed and plasma and internal membranes were separated and probed with rat anti-AChR-␣-subunit (MAB210); or mouse anti-AChR-␣-subunit (clone 26, BD Biosciences). The input lanes were used to show that the same amount of nAChRs was probed in all experiments. Representative blots show that stimulation and BAPTA control the amount of nAChR in the internal pool. The labels below the lanes indicate whether the muscle was electrically stimulated (stim), treated with BAPTA-AM, or unstimulated (unstim). D, Representative blots show the assessment of the proportion of receptors in the internal pools by a different method. In this experiment, all surface receptors were saturated with unlabeled streptavidin just before extraction, so only internal receptors can be pulled down. At least three independent experiments were performed in each experiment. bility, the band at 73 kDa likely corresponds to the musclespecific ␤ isoform, the band at 55-60 kDa likely corresponding to ␥/␦ isoforms, and the band migrating at 21-23 kDa, is likely the anchoring protein (␣KAP) (Bayer et al., 1998; Damiani et al., 2003) (Fig. 4 A) .
Next we asked which of those proteins are localized at the NMJ. To do this, the sternomastoid muscle was fixed, permeabilized, and immunostained with antibody against CaMKII␥, ␦ and ␤ isoforms (see Materials and Methods). For all three antibodies, CaMKII labeling was present in both presynaptic nerve terminal and postsynaptic membrane (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material), so it would be difficult to determine the precise localization of these isoforms. In addition, these antibodies cross react between each other, which make it difficult to determine which isoforms are concentrated at the postsynaptic cell. To do this, the sternomastoid muscles were electroporated with GFP-fusions of each of the kinases and 1 week later, the sternomastoid muscle was bathed with BTXAlexa594 to label nAChRs and doubly labeled NMJs were imaged by confocal microscopy. From the imaging of GFP constructs, it appears that CaMKII␥-GFP (Fig. 4 B) and CaMKII␦-GFP (data not shown) are reasonably well localized at synaptic sites, just not as clearly as muscle-specific CaMKII␤m-GFP (Fig. 4C ). Higher resolution images show that CaMKII␤m-GFP is restricted to the crest of folds where it precisely colocalizes with nAChRs in contrast to ␣ syntrophin (Fig. 4 D) , a protein that is present in both the troughs and the crests of the junctional folds (Kramarcy and Sealock, 2000) . When we compared the amounts of recycled receptors at synapses of electroporated and nonelectroporated muscle fibers with CaMKII␤m (highly expressed at the synapse compared with other isoforms) within the same sternomastoid muscle, we found that there was no significant difference in the amount of recycled receptors between electroporated and nonelectroporated muscle fibers (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). This suggests that perhaps there is already a saturating amount of CaMKII at the synapse or perhaps there are other upstream signals to CaMKII that are the rate limiting step.
CaMKII activity promotes receptor recycling at the neuromuscular junction in vivo
Having shown that CaMKII isoforms are expressed in sternomastoid muscle cells and that the CaMKII␤m-GFP splice variant is highly concentrated at synapses, we next investigated whether inhibition of CaMKII activity would prevent AChR recycling. Recycled receptors were relabeled with strept-594 as usual and superficial synapses were immediately imaged (time 0). Muscle fibers were then bathed with KN93, an inhibitor of CaMKII activity, or with the inactive analog KN92 (Hudmon and Schulman, 2002; Tavi et al., 2003) for ϳ7 h while being stimulated with extracellular electrodes. At the end of the experiment, a second dose of strept-594 was then added to label recycled receptors and their fluorescence intensity was assayed. As shown in Figure 5 , B and C, the fluorescence intensity decreased to 77 Ϯ 12% (SD; n ϭ . Expression and localization of CaMKII at the NMJ. A, Sternomastoid muscle extract proteins were subjected to SDS-PAGE, transferred to nitrocellulose membrane and probed with a pan-polyclonal anti-CaMKII antibody that has been previously shown to be cross-reactive with all isoforms. Three major bands are labeled with Greek letters to indicate the likely molecule recognized (based on the work of Damiani et al., 2003) . The fourth band is labeled with an asterisk to indicate either unknown or degradation product of CaMKII isoform. B-D, The sternomastoid muscle was electroporated with CaMKII␤m-GFP, CaMKII␥-GFP, or ␣-syntrophin-GFP and 1 week later the mouse was perfused with 2% PFA, and the sternomastoid muscle bathed with BTX-Alexa 594 to label nAChRs. B, Confocal images show that CaMKII␥-GFP is poorly expressed at synaptic sites. A faint GFP fluorescence was also seen in the perisynaptic zone (dashed white lines), which is illustrated in the enlarged box area. C, A representative image of CaMKII␤m-GFP expressed at the NMJ, where precisely colocalizes with nAChRs at the crests of the junctional folds (see enlarged box). D, A representative NMJ of a sternomastoid muscle electroporated with ␣-syntrophin-GFP fusion protein, showing that ␣ syntrophin is present in both the troughs and the crests of the junctional folds. Boxed areas are enlarged part of the synapse branch for more details. 39) of original fluorescence at time 0. Similar results were obtained when KN62 (a distinct chemical inhibitor of CaMKII) [82 Ϯ 5% (SD), n ϭ 11)], thapsigargin and KN93 [75 Ϯ 9% (SD), n ϭ 20], or unstimulated and KN93 [80 Ϯ 12% (SD), n ϭ 39] were added to the muscle. However, in muscles treated with derivative KN92 (a molecule very similar to KN93 but with no inhibitory activity), the fluorescence intensity was similar to untreated synapses [98 Ϯ 5% (SD); n ϭ 15].
To examine the effect of KN93 treatment on the removal rate of preexisting receptors (not yet internalized AChRs), the sternomastoid muscle was labeled with a nonsaturating dose of BTXbiotin followed with strept-488 (green) and superficial synapses were imaged immediately (time 0) and reimaged 8 h later and the loss of fluorescence was assayed. We found that the fluorescence intensity of preexisting nAChRs (not yet internalized) decreased to 91 Ϯ 5% (SD; n ϭ 20) of original fluorescence over 8 h and was not significantly different from untreated muscles [94 Ϯ 5% (SD); n ϭ 30)], or those treated with KN92 [94 Ϯ 5% (SD); n ϭ 10)]. These results suggest that CaMKII does not play a role in receptor internalization, and that endocytosis and recycling are controlled by separate mechanisms.
If CaMKII activity promotes AChR translocation to the surface then when this enzyme is inhibited, receptors in the internal pool should be increased. To test this, 5 d after the initial labeling of nAChRs with BTX-biotin/strept the sternomastoid muscle was electrically stimulated in the presence of KN93 for 8 h and at the end of the experiment, the muscle was separated into plasma membrane and internal fractions; nAChRs containing BTX-biotin were pulled down with Neutravidin-coated beads and immunoblotted with anti-AChR subunit ␣. As shown in Figure 6 , the amount of surface-associated recycled nAChRs is markedly reduced by inhibition of CaMKII activity, whereas the number of nAChRs that accumulated intracellularly is markedly increased compared with control (Fig. 6B) . These results were further confirmed in the alternative assay that detects only internalized nAChRs (Fig. 6C) . Changes in the amount of receptors by the various conditions of treatments were not due to rate of dissociation of BTX-biotin from receptors as the total amount of Biotin-BTX-AChRs in the muscle was not changed (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material).
Muscle activity reroutes internalized nAChRs from the degradative pathway to the recycling pathway in denervated NMJs via CaMKII activity
Finally we examined the effect of CaMKII activity on receptor recycling at denervated synapses where most of the internalized nAChRs are processed for degradation; leaving few of them to recycle back (Akaaboune et al., 1999; Bruneau and Akaaboune, 2006) . We asked whether direct muscle stimulation is able to prevent internalized receptors from entering the degradation pathway by switching them to the recycling pathway. To this end, denervated sternomastoid muscle was labeled with BTX-biotin/strept-488 (green) and 3 d later, a second strept-594 (red) was added to label recycled nAChRs. The muscle was then stimulated continuously for ϳ7 h and the number of recycled receptors (AChRs that had been reinserted during stimulation) was determined. As expected, in unstimulated muscle few internalized receptors were recycled onto the postsynaptic membrane, as shown by the decrease in fluorescence intensity (Fig. 7 B, C) , consistent with a previous report (Bruneau and Akaaboune, 2006) . However, in stimulated muscles, the fluorescence intensity of recycled nAChRs at synaptic sites was substantially increased to reach 127 Ϯ 6% (SD; n ϭ 25) of fluorescence at time 0 (normalized at 100%) (Fig. 7 B, C) . This result indicates that muscle stimulation reroutes internalized nAChRs from being degraded and promotes their delivery onto the postsynaptic membrane. In contrast, when denervated sternomastoid muscle was stimulated and bathed with BAPTA-AM for ϳ7 h, we found that the fluorescence intensity of recycled receptors decreased to 84 Ϯ 4% (SD; n ϭ 12) of their original fluorescence at time 0. Similarly when denervated sternomastoid muscle was stimulated in the presence of CaMKII inhibitor KN93 the fluorescence intensity of recycled nAChRs decreased to 77% Ϯ13 (SD; n ϭ 25) compared with that of fluorescent nAChRs at the NMJ of stimulated muscles (Fig. 7 B, C) . These data indicate that calcium-dependent AChR recycling is mediated by CaMKII activity.
The effect of muscle stimulation on recycled receptors at denervated synapses was confirmed by pull down assays. Denervated sternomastoid muscles were labeled with BTX-Biotin/ strept-Alexa and 3 d later recycled nAChRs in the plasma membrane were separated from internalized AChR-BTX-biotin in the internal pool and probed with anti-AChR antibody. When the denervated muscle was directly stimulated for 8 h, most of the internalized nAChRs were translocated back into the postsynaptic membrane while few internalized nAChRs remained in the internal pool. Conversely, when denervated muscles were stimulated in the presence of CaMKII inhibitors, most receptors were retained in the internal fraction (Fig. 7 D, E) . These data indicate that CaMKII activity is required for recycling of internalized nAChRs into the postsynaptic membrane. CaMKII inhibition has the same effect on both stimulated denervated and innervated muscles, suggesting that inhibition of CaMKII in the presynaptic nerve terminal is unlikely to be involved in receptor recycling in the postsynaptic cell.
Discussion
The work presented here brings new insight into the signaling mechanisms involved in the cycling of nAChRs at the NMJ in vivo. We demonstrate that, following internalization, reinsertion of internalized nAChRs into the postsynaptic membrane is sensitive to a rise of intracellular calcium. This calcium-dependent recycling pathway is mediated by CaMKII activity. Specifically, when intracellular calcium is chelated or CaMKII activity is inhibited, receptor recycling is depressed. In addition, this work demonstrates that of all CaMKII isoforms expressed by the muscle, only CaMKII␤m is highly expressed at the postsynaptic site and tightly clustered with synaptic nAChRs.
The dynamics of AChRs at the neuromuscular junction was extensively studied using different methods of labeling. When fluorescent bungarotoxin was used as a ligand to monitor receptor turnover rates at fully functioning synapses, the half-life was quite long (ϳ9 -14 d) (Akaaboune et al., 1999) . However, when synaptic activity was totally blocked, receptor half-life decreased substantially to several hours. These estimates were based on the assumption that once AChRs are internalized, they are targeted to degradation pathway, and did not consider the possibility those receptors can continuously recycle back to the postsynaptic membrane with their BTX tag. With the discovery that a significant amount of internalized AChRs recycle back and intermingle with preexisting receptors at the same synapse, the lifetimes of preexisting AChR was estimated to 5 d and recycled AChRs to 1 d (Bruneau and Akaaboune, 2006; Bruneau et al., 2009 ). However, it remains unclear whether the binding of BTX to receptors, which also silences them, can affect the turnover rate of receptor pools at the synapse. One argument against this possibility is that when few receptors are labeled (as long as the neuromuscular junction activity is not totally blocked and the threshold of its safety factor is not exceeded) the turnover rate of receptors is very slow. At present there are no available means to track receptor dynamics without blocking them with the ligand bungarotoxin.
In the current studies, the existence of an intracellular reserve pool, which is apparently available to recycle into the postsynaptic membrane in response to synaptic activity, could constitute a source for the steady-state of the postsynaptic receptor density and therefore the maintenance of a high safety factor for synaptic transmission. While 20 -30% change in the number of recycled AChRs over ϳ7 h at healthy synapses (which have large safety factor) might not significantly affect synaptic transmission, they can have a dramatic effect on the efficacy of synaptic responses when receptor number is compromised by diseases. Since a significant number of recycled nAChRs contributes to the postsynaptic density, it is possible that a defect in the receptor recycling pathway can have a dramatic effect on the efficacy of synaptic transmission by lowering the safety factor of the NMJ. Consistent with this, recent work has shown that impairment of recycling of junctional receptors leads to movement disorders in dilute mice (Röder et al., 2008) . It would be of interest to know whether other NMJ components also recycle to synaptic sites or whether recycling is restricted to AChR. Since there is no way to distinguish between recycled, preexisting, and newly synthesized proteins, it is not possible to determine whether the recycling of these proteins with nAChRs occur at the NMJ. This issue warrants to be further investigated.
Although a rise in intracellular calcium levels is critical for promoting the recycling of vesicles containing internalized nAChRs into the postsynaptic membrane, the insertion rate of newly synthesized nAChRs remains largely unaffected. These ob- Figure 6 . CaMKII activity promotes the translocation of internalized receptors from the internal pool into the postsynaptic membrane. The sternomastoid muscle of a live animal was first labeled with BTX-biotin followed by a saturating dose of streptavidin and 5 d later the muscle was either exposed to CaMKII inhibitor (KN93) alone, stimulated in the presence of CaMKII inhibitor, or stimulated only for 8 h. At the end of the experiment, muscles were removed and nAChRs-BTX-biotin were pulled down with Neutravidin-coated beads from plasma and internal membrane fractions and subjected to immunoblotting using antibody against AChR subunit ␣. A, Experimental protocol used in this study. B, Blots show that treated stimulated or unstimulated sternomastoid muscles with CaMKII inhibitor exhibit more intracellular accumulation of internalized nAChRs than untreated stimulated and unstimulated muscles. However, in the plasma membrane fractions the amount of pulled down recycled nAChRs was less in the presence of CaMKII inhibitor than untreated muscles. These results indicate that inhibition of CaMKII causes the accumulation of internalized nAChRs by preventing them from recycling, whereas direct muscle stimulation promotes their delivery onto the surface muscle cell. C, At the end of muscle treatments, the sternomastoid muscle was bathed with unlabeled streptavidin to saturate all recycled AChR pool in the membrane and only internalized nAChRs containing free BTX-biotin were pulled down. Blots show most of internalized nAChRs remain in the internal pool when muscles were treated with CaMKII inhibitor. At least three independent experiments were performed in each experiment.
servations suggest the presence of an intracellular reservoir of internalized receptors that can allow the cell to maintain a high postsynaptic receptor density. Indeed the existence of an intracellular receptor pool distinct from newly synthesized nAChRs has been described in cultured myotubes (Devreotes and Fambrough, 1975; Kumari et al., 2008) . The clamping of intracellular calcium with BAPTA-AM significantly attenuates the recycling of internalized receptors (Figs. 1, 3 ). This observation is consistent with previous reports showing that recycling from the endocytic compartment to the plasma membrane of other cell types is enhanced by elevations of intracellular calcium concentration reference. It has been reported that recycling endosomes into spines by myosin Vb is dependent on intracellular Ca 2ϩ (Wang et al., 2008) . Such mechanism has been shown to play a critical role during synaptic plasticity at central synapses (Bear and Malenka, 1994; Ehlers, 2000; Park et al., 2004) . Calcium is also involved in the formation of agrin-induced receptor clusters on the surface of cultured muscle cells (Megeath and Fallon, 1998 ).
Our present study suggests that the majority of recycled nAChRs are directly inserted into synaptic sites. This implies that the contribution of recycled receptors from the nonsynaptic zone to synaptic sites is limited (Fig. 2) , which raises the question of why internalized nAChRs from synaptic sites are predominantly reinserted into the same sites. It is possible that internalized nAChRs may have a tagmemory that allows them to recycle to sites from where they were removed. Consistent with this idea, it has been reported for example that P2X receptors' memory for extracellular Ca 2ϩ can speed their recovery from desensitization (Cook et al., 1998) . It is also conceivable that-specific cues in the synaptic region of the basal lamina might exist and guide recycled receptors to their original synaptic sites, whereas molecules that are concentrated in the extrasynaptic zone of the basal lamina might repel them. Consistent with this idea, it has been shown that axons regenerate to reinnervate denervated skeletal muscle fibers precisely at original synaptic sites (Sanes et al., 1978) and internalized nAChRs are recycled at synaptic sites of denervated muscle cells (Fig. 7) . Analogously, a similar theoretical model was proposed for AMPA receptor cycling at mammalian synapses involving CaMKII (Lisman and Zhabotinsky, 2001) .
We report that calcium exerts its effect on the cycling of nAChRs through CaMKII. In many situations, CaMKII does not need signals other than calcium for its activation (De Koninck and Schulman, 1998) . In muscle cells, CaMKII can be activated by calcium from different sources, including influx and Ca 2ϩ released from internal stores (He et al., 2000) . In addition, it has been shown that direct elicited muscle twitching increases CaMKII activity (Tavi et al., 2003) . In this work we demonstrate that CaMKII inhibitors KN62 or KN93 but not the inactive analog KN92 depress receptor recycling and promote accumulation of internalized nAChRs in the intracellular pool. While the mechanism by which CaMKII activity affects AChR recycling is not known, it is possible that CaMKII may modulate proteins involved in the sorting, targeting, and/or fusion of endocytic vesicles with the postsynaptic membrane. In fact, calmodulin antagonists were able to block endosome fusion in a macrophage cell line (Colombo et al., 1997) and suppress transferrin receptor recycling without affecting receptor-mediated endocytosis in rat reticulocytes (Grasso et al., 1990) . Similar to what we have observed at the NMJ, changes in intracellular Ca 2ϩ levels in the postsynaptic cell at central synapses have been shown to induce the activation of CaMKII (Malenka et al., 1989; Yamagata et al., 2009 ), which in turn causes an enhancement of membrane receptor trafficking and recycling (Derkach et al., 1999; Malinow and Malenka, 2002) . Muscle stimulation enhances recycled nAChRs at denervated NMJs. Denervated sternomastoid muscles (6 -8 d after denervation) were labeled with BTX-biotin/strept-488 and 3 d later the sternomastoid muscle was exposed and bathed with a saturating dose of strept-594 to label recycled nAChRs that had been inserted after the initial labeling. Labeled recycled receptors with Alexa 594 at NMJs were imaged immediately and the sternomastoid muscle was either stimulated, or stimulated in the presence of CaMKII inhibitors. At the end of the experiment, a second dose of strept-594 was added to label recycled receptors that had been reinserted during the experiment and the same synapses were reimaged and their fluorescence intensity was assayed. A, The experimental protocol used in this study. B, Example of mouse NMJs that have been imaged before and after treatment. After 8 h, fluorescence intensity of labeled recycled receptors in denervated muscle was less than innervated synapses; however, when denervated muscle was chronically stimulated, the fluorescence was largely increased, indicating that stimulation enhances significantly the recycling of internalized nAChRs. The increased recycled receptors were abolished in the presence of CaMKII inhibitor. C, Graph summarizing the fluorescence measurements obtained from many synapses. D, E, Blots showing that most internalized nAChRs are shifted from the intracellular pool into the postsynaptic membrane when the muscle is stimulated, but remain in the internal pool when muscles were treated with CaMKII inhibitor. Each data point represents the mean percentage of fluorescence intensity (ϮSE) at each view. For Western blots, at least two independent experiments were performed for each experiment.
